The genotoxicity of water and sediment samples from stormwater treatment systems and water from urban highway runoff was tested in the Salmonella/microsome assays with Salmonella typhimurium, micronucleus assay (Trad-MN) with plants and with human-derived liver cells (HepG2), or comet assay with HepG2. Cytotoxicity of water samples was studied using either reactive oxygen species (ROS) generation, cell proliferation or dye exclusion assay in HepG2. Concentrations of several contaminants in the tested samples were also measured. Results suggested that urban highway runoff exposed to severe vehicle traffic emissions caused genotoxic effects in comet assay and in Trad-MN assays. Sediments induced either mutagenic effects in strain YG1024 or genotoxic effects in Trad-MN assay. These effects could be due to the presence of nitro-polycyclic aromatic hydrocarbons (NPAHs) which possess carcinogenic and mutagenic properties. Influent and effluents of stormwater treatment systems did not induce genotoxic activity or effects on HepG2 cell viability; however, the influents were able to induce ROS generation and cell proliferation in HepG2 cells. As the methods require a sterile filtration of the water samples, this could have also removed particulate-associated polycyclic aromatic hydrocarbons (PAHs) and resulted in a less pronounced induction of genotoxicity, as would be expected by PAH contamination.
INTRODUCTION
Stormwater runoff from vehicle traffic areas (e.g. highways) contains numerous contaminants including metals, polycyclic aromatic hydrocarbons (PAHs) and mineral oil hydrocarbons (MOH) (Shinya et al. ; Fuerhacker et al. ) and nitropolycyclic aromatic hydrocarbons (NPAHs) (Murakami et al. ) . PAHs and NPAHs are environmental contaminants with carcinogenic and mutagenic properties (Shinya et al. ; Ohe et al. ; Murakami et al. ) . The genotoxic effects of stormwater runoff from roadways and roadside soils have been investigated by several researchers (Shinya et al. ; Tsukatani et al. ) . For example, Shinya et al. () showed that particulates from highway runoff were mutagenic in bacteria and these effects were attributed to NPAHs which have stronger carcinogenic and mutagenic activities than the parent PAHs (Wantabe et al. ) . Currently, several genotoxicity tests are available, i.e. Salmonella/microsome assay, micronucleus (MN) assays with plant species such as Tradescantia clone 4430 and comet assay with human-derived cells (HepG2). These models have been used to investigate the genotoxicity of pure chemicals and of environmental samples (Tsukatani et Žegura et al. ) . The Salmonella/microsome assay is currently the most widely used test to detect the mutagenicity of contaminated sediments, soils and waters (Chen & White ; Ohe et al. ; Keiter et al. ) . It is based on the detection of induction of mutations in strains of Salmonella typhimurium which lead to histidine auxotrophy (Maron & Ames ) . The bacteria are sensitive towards a variety of agents including nitro-aromatic chemicals that are contained in emissions from engines (Rosenkranz ) . Single cell gel electrophoresis (SCGE) is used to measure DNA single strand breaks, double strand breaks, crosslinks and alkalilabile sites (Tice et al. ) . This method has been widely used to investigate genotoxic effects of pure chemical substances (Uhl et al. ) , water (Žegura et al. ) , and sediments (Costa et al. ) .
The MN test with pollen tetrads of Tradescantia is the most widely used plant bioassay for the detection of genotoxins in the environment (for review see Misík et al. () ). Plants are highly sensitive to metals (Knasmueller et al. ) ; therefore the MN assay can provide information on environmental effects of stormwater runoff where metals are common constituents.
Only a few studies reported on the cytotoxicity, mutagenicity and genotoxicity of stormwater from roadways (Shinya et al. ) and roadside soil (Tsukatani et al. ) . Therefore the aim of the present study was to assess the genotoxic effects of runoffs from a highway and a car parking lot, and of sediments accumulated within stormwater runoff treatment systems. To achieve this goal a combination of methods, namely the Salmonella/microsome test, comet assays with HepG2 cells and MN assays with plants (Tradescantia) as well as HepG2 cells were applied. Furthermore, the concentrations of several contaminants in the tested samples were also measured.
MATERIALS AND METHODS

Sampling sites
Water and sediment samples were collected from three sites. Two sites, GSA-H and GSA-W, are stormwater treatment systems which receive runoff from a car parking lot and a less trafficked highway respectively. Both sites are located in Lower Austria along highway A-21. The treatment systems (GSA-H and GSA-W) consist of a sedimentation tank and a filter bed with Aquafilt ® adsorption media and a geotextile layer on top (for details see Fuerhacker et al. () ). The third site is an urban highway stormwater runoff collection shaft (A23) within the city of Vienna which has a daily average traffic of 255,000 vehicles.
Sampling procedure and preparation
Grab water samples were collected from the influent and effluent of the stormwater treatment systems (GSA-H and GSA-W) and the urban highway runoff collection shaft (A23), at the end of the winter (A23-1, March 2011) and in the summer (A23-2, July 2013 
Toxicity tests
Cytotoxicity test
For cytotoxicity testing, the following three procedures were applied.
(a) xCELLigence System (Real-Time Cell Analyser, RTCA). The experiments were performed using a real-time xCELLigence cell (impedance system, according to the manufacturer's instructions (ACEA Bioscience ACEA Biosciences, Inc. 
Genotoxicity test
Salmonella/microsome assays. The mutagenicity of water (GSA-H and A23-2) and sediment (GSA-H and GSA-W) samples was assessed in Salmonella plate incorporation assays according to the protocol of Maron & Ames () .
The tests were carried out with tester strains TA98, TA100 and YG1024 as described by Ames et al. () , in presence and absence of metabolic activation mix (S9 mix). YG1024 is a derivative of strain TA98 which over-expresses an O-acetyltransferase gene that confers high sensitivity to the mutagenic action of nitroarenes and aromatic amines (Wantabe et al. ) . The test strains were provided by Dr Tamara Grummt (Federal Environment Agency, Germany). The characteristics of the strains were tested as described by Ames et al. () . Different amounts of sterile filtered water samples (100-500 μL per plate) or DMSO extract were prepared according the methods of Keiter et al. () with 340 mL acetone for 20 g of each sediment. The extracts were diluted with DMSO and a range of different concentrations were tested, which corresponded to 250 to 1,000 mg sediment (per plate). Per experimental point, three plates were made. In all experiments, positive controls were included and dissolved in DMSO. In experiments without metabolic activation mix (ÀS9) the positive controls were TNF (2,4,7-trinitro-9-fluorenone, 0.1 μg/plate) for TA98 and YG1024, and NaN 3 (sodium azide, 1.5 μg/plate) for TA100. For experiments with metabolic activation (þS9) 2AA (2-aminoanthracene, 1.0 μg/ plate for water samples and 0.5 μg/plate for sediment samples) was used as positive control for all three strains.
Single cell gel electrophoresis assays with HepG2 cells
The human-derived liver cell line (HepG2) was used to perform comet assays. The cell line was kindly provided by F. Darroudi (Department of Toxicogenetics, Leiden University Medical Centre, The Netherlands). The experiments were conducted under standard alkaline conditions which reflect the formation of single and double strand breaks and apurinic sites according to the modified version of the protocol described by Tice et al. () . The cells were exposed in the control medium, in the undiluted water samples (100%), or in mixtures of the two, containing either 11 or 33% of the test substance for 60 min at 37 W C. From each concentration triplicates were made. Air-dried slides were stained with ethidium bromide (20 μg/mL) and the percentage of DNA in the tail was measured by use of a computer aided image analysis system (Comet IV, Perceptive Instruments Ltd, Haverhill, UK). For each experimental point, three cultures were made in parallel; from each culture one slide was prepared and from each slide 50 randomly distributed cells were evaluated. The experiments were performed in duplicate. DNA damage was only analyzed in cells from cultures in which the viability was !80%, as acute toxic effects may cause false positive results.
MN assays with HepG2 cells
The test was performed according to the OECD guideline 487 (OECD ). Vitality of the HepG2 cells (1.8 × 10 4 /mL) as determined by trypan blue stain has to be at least 90%. The assay was performed in Quadri-PERM ® dishes (Greiner Bio One, Frickenhausen, Germany) with four separate chambers. Cells are exposed for 24 h. Afterwards cells are subjected to a hypotonous solution (1.5% trisodium-citrate solution in phosphate-buffered saline) for 5 minutes, followed by two fixation steps (3:1 mixture of methanol and glacial acetic acid) for 10 minutes each. After air drying a Giemsa stain is the final step of the preparation. Microscopic analyses are performed using a Metafer4 automated scoring device (MetaSystem, GmbH, Altlußheim, Germany). For each experimental point 1,000 cells were evaluated. MN were defined by the following properties: less than 30% of the size of a normal nucleus, nucleus and MN possess the same staining pattern and each MN has to be clearly separated from the main nucleus.
Tradescantia MN assays
Tradescantia MN assays were performed according to the protocol of Ma et al. () . Clone #4430 was used in this study. Per dose, 15 cuttings were treated for 24 h followed by a 24 h recovery period. The cuttings were placed into glass beakers with 100 mL tap water or with the water samples. After exposure, the inflorescences were fixed for 24 h in a mix of ethanol/acetic acid (3:1) and stored in 70% ethanol. Per experimental point, tetrad preparations of at least five buds were made and stained with 2% acetocarmine; 1,500 early phase tetrads (five inflorescences from individual plants and 300 tetrads per bud) were scored in each experimental group. For water samples from GSA-H and A23-2 the tests were conducted with different concentrations (25, 50 and 100%). GSA-H sediment was used as sampled (field moist); 20 g was suspended in 40 mL of tap water in a 100 mL glass beaker and stirred for 6 hours. The extracts were subsequently diluted with tap water (50, 25 and 12.5%), which was used in all experiments as a control. Maleic hydrazide (MH, 20 mg/L) was used in all experiments as a positive control.
Data analysis of toxicity test
Results of ROS and xCELLigence system are reported as means ± standard deviations (SD). Student's t-test was performed between pairs of grouped data and a P 0.05 was considered statistically significant. The results of the SCGE and Trad-MN assays were statistically analysed with the GraphPad Prism 5 software system (GraphPad Software, Inc., CA, USA). All results are reported as means ± SD. Results of SCGE assays were analysed by Student's t-test and Trad-MN assays with oneway analysis of variance (ANOVA) followed by Dunnett's multiple comparison. P values 0.05 were considered as statistically significant.
Results of the MN assay with HepG2 were log transformed. Data were then analyzed by one-way ANOVA. Comparisons against negative controls were conducted by Dunnett's test. P values 0.05 were considered significant.
Results of the Salmonella/microsome tests were evaluated on the basis of the 'twofold rule' (for details see Mahon et al. () ).
Physico-chemical analyses
The concentrations of metals (Ba, Cd, Cr, Cu, Ni, Pb, Ti, V and Zn) in the water and sediment extracts were measured using an inductively coupled plasma mass spectrometer (Perkin-Elmer, Sciex, Canada). The concentrations of 16 US Environmental Protection Agency PAHs and MOH were determined using gas chromatography mass spectrometry.
RESULTS AND DISCUSSION
Physico-chemical characteristics of the water and sediment samples
The characteristics of the water and sediment samples collected from GSA-H, GSA-W and A23 are summarised in Table 1 . Among the metals, Zn has the highest concentrations and this observation is in line with its relatively high content observed in roadway runoff water as reported in several studies (Shinya et al. ; Fuerhacker et al. ) .
The concentrations of all contaminants in A23-1 (winter season) were higher than the levels in the A23-2 (summer season) and also higher than the concentrations at GSA-H and GSA-W. The concentrations of metals in A23-1 were within the ranges found in heavily trafficked urban roads by Shinya et al. () . For the water samples collected from A23-1, the concentrations of individual PAHs in the dissolved phase were mostly below detection limit, indicating that particulate-bound PAHs were significant contributors to the PAH loads. A highway runoff study by Murakami et al. () found that the particulate fraction of PAHs and NPAHs represented 70-99% of the total concentrations. The concentration ratios of the metals (e.g. Cu/Zn ratio) in the sediments were comparable to the concentration ratios of roadway runoff, indicating that traffic-related activities are the main anthropogenic pollution sources. The present study reports relevant information regarding the presence of a wide range of metals, with high concentrations found in water and sediments, which are not properly regulated (e.g. Ba, Ti and V). The chemical status of the sediments revealed metal concentrations exceeding the environmental threshold and the probable effect levels (MacDonald et al. ). Our findings indicate that there is a demand to investigate the behaviour and mode of action of these metals.
Results of toxicity (genotoxicity and cytotoxicity) test
The cytotoxic and genotoxic effects of water and sediment extracts tested using several assays (see 'Material and methods' section) are summarised in Table 2 .
ROS production
Overproduction of ROS can induce oxidative stress and thus affects the viability of cells. In this study, high levels of ROS were generated with the GSA-W influent and A23-1 water samples (see Table 2 ). After 4 h exposure and at a dilution factor of 1:2 in local tap water, the production of ROS was 3.05-and 6.25-fold higher than the no-effect level. Conversely, the effect of ROS production in HepG2 cells exposed to purified highway runoff (GSA-W effluent) was negative. The tested samples were not filtered and it is likely that the production of ROS was induced by the metals and PAHs which were found in the water samples (GSA-influent and A23-1). Metals such as Cd, Cu, Fe, Ni, Ni and Pb (Birben et al. ) and PAHs (Leme et al. ) are known to induce ROS formation and thus cause oxidative stress which affects all cellular macromolecules including DNA, lipids, and proteins (Birben et al. ) .
Effect on cell proliferation
The real-time cell proliferation (RTCA) results show that the influent of GSA-W was able to increase cell proliferation in HepG2 cells (see Table 2 ). The water samples from A23-1 and GSA-W effluent did not show proliferating effects. The cell proliferation rate is associated with cytotoxicity effects; thus the results of the real-time cell impedance analyses showed that the influent of GSA-W was cytotoxic to the HepG2 cells.
The impact of water samples on the viability of HepG2 cells
Under the different experimental conditions (comet, MN, ROS and cell proliferation assays), the viability of HepG2 cells exposed to water (A23-1, A23-2, GSA-H and GSA-W) 
1 ROS (DCFH-DA) data corrected by the 1:2 dilution with local tap water; À no effect 20 nM DCF, þeffect >20 nM.
2 Slope of the electrical impedance measured by the RTCA system, quotient ¼ slope of cells exposed to the test samples divided by the slope of the control cells (dilution of tap water).
A quotient around 1 indicates no effect, quotients 0.7 are indicative of an effect. 3 The test was conducted with strains TA98, TA100 and YG1024; only the GSA-W sediment was positive in the strain YG1024. † The experiments were conducted with a human-derived liver cell line (HepG2).
Note: À no effect; þ indicative of effect (positive response); nt, not tested; Inf, influent; Eff, effluent. 2016 at different concentrations of the test samples (11-100%) for 24 hours was not significant (data not shown). Only a slight decrease of the vitality was observed after exposure of the cells to the highway runoff (A23-2).
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Results of bacterial mutagenicity tests
The mutagenic activity of water samples (A23-1, A23-2, GSA-H and GSA-W) and sediment deposited within the stormwater treatment systems (GSA-H and GSA-W) was evaluated in Salmonella/microsomal assays using strains TA98, TA100 and YG1024 (for more details see supplementary material Table A1 , available with the online version of this paper).
The results showed that none of the samples induce mutagenic effect, except the sediment sample from GSA-W in strain YG1024. In all experimental series, the spontaneous revertant frequencies of the negative controls were in the expected range (Kirkland ). Furthermore, clear-cut induction of his þ revertant colonies was seen with all compounds which were used as positive controls. None of the native water samples induced a significant increase in the number of his þ revertants. However, with strain YG1024, which is a derivate of TA98 and possesses a high level of O-acetyltransferase activity (Wantabe et al. ), positive results were detected with the GSA-W sediment DMSO extract in the absence of metabolic activation mix at the highest dose (1,000 mg/plate); also with lower doses a higher number of revertants were seen, but this effect did not reach significance (see supplementary material Table A1 ). The same extract caused also an increase (non-significant) of revertant frequencies in TA98 with and without activation mix. Although the concentrations of NPAHs in the sediments (GSA-W) were not measured, the observed mutagenic effect in YG1024 strain suggests that NPAHs which are activated by Nacetyltransferase are present in the extract (Shinya et al. ; Tsukatani et al. ) . Some studies found that urban highway runoff and roadside soils induced mutagenic effects in the Ames assay. Shinya et al. () reported that extracts of water samples collected from urban highway runoff were mutagenic in strains TA98, YG1021 and YG1024 with or without S9 mix. Tsukatani et al. () employed the Salmonella assay and found that the extracts of roadside soils (Kurume City, Japan) showed much higher mutagenicity in YG1041 and YG1042 stains than in TA98 and TA100 strains. The mutagenic activity of the roadside soils was correlated with the concentrations of PAHs (Tsukatani et al. ) . No correlation was found between the level of mutagenicity and the concentrations of PAHs in the present study. This could be due to the filtration of the water samples before the mutagenicity tests. Because most roadway runoff pollutants (particularly metals, PAHs and NPAHs) are particulate-bound (Shinya et al. ; Murakami et al. The results of the genotoxicity tests with water samples collected from GSA-H and A23-2 in the comet assay in HepG2 cells are indicated in Figure 1 .
It can be seen that no significant differences were observed between controls and cells treated with different dilutions of 33, and 100%) . Overall, no evidence for genotoxic effects was detected after exposure of the cells to the tested water from GSA-H under any test conditions. However, the water sample from A23-2 was genotoxic at the highest test dose (Figure 1) .
Induction of micronucleus
The MN frequencies induced by the water and sediment samples in the Trad-MN assay are summarized in Figure 2 .
The results indicate that both the influent and effluent water samples from GSA-H did not induce the formation of micronucleated cells at all doses used in the experiments (Figure 2(a) ); only a slight (not significant) increase of the MN rates was detected at the 100% dose. In contrast, the highway runoff (A23-2) and the sediments (GSA-H) significantly increased the formation of micronucleated cells at all the doses used in the experiments (Figure 2 (a) and 2(b)) and a dose-response was evident. For the sediment samples, at dose levels of 12.5, 25 and 50% the respective MN-rates were 4-, 6-, and 9-fold higher as compared to the negative control, respectively. The MN-formation rate at the highest sediment dose (50%) was even more effective than the positive control MH 20 mg/L (Figure 2(b) ). In roadway runoff the majority of metals and PAHs are associated with particulate matter; therefore the observed MN frequencies in the GSA-H sediments (Figure 2(a) ) could be due to the accumulation of pollutants within the particle layer. The results from this study showed that it is important to carry out both chemical analyses and genotoxicity/mutagenicity tests to be able to correctly evaluate the potential environmental impact of water and sediments contaminated with roadway runoff. In addition to the Trad-MN assay, the MN assay was performed in HepG2 cells with water samples (influent and effluent of GSA-W and A23-1). In the MN-HepG2 assay after a 24-hour exposure period, none of the tested samples increased significantly the number of MN over the negative control frequency for all test variants.
CONCLUSIONS
The results of the present study lead us to conclude that stormwater runoff from an urban highway which was exposed to high vehicular traffic presented responses indicative of mutagenic and genotoxic effects. The investigated stormwater treatment systems were efficient in removing the toxic pollutants, as effluents did not induce cytotoxicity and genotoxicity effects. The influents were (at least partly) cytotoxic but there was no clear genotoxicity or mutagenicity effects. Sediments (DMSO extracts) deposited within stormwater treatment systems caused either mutagenic effects in the Trad-MN assay or genotoxicity effects in the Salmonella/microsomal assay. As the composition of stormwater runoff varies strongly, the sediment gives a more integrated answer in the test system. It is known that NPAHs are found in exhaust gases of cars (Murakami et al. ) . Therefore, the observed genotoxic and mutagenic activity in DMSO extracts suggested that particulatebound carcinogenic and mutagenic PAH and NPAH compounds existed in stormwater runoff from vehicle traffic areas. It cannot be excluded that also heavy metals contributed to the effects that were detected. It is known that certain metals (such as Cu and Zn) cause induction of MN in Tradescantia and in some samples the levels detected were sufficiently high to induce MN formation (see Steinkellener et al. ) . Also, in the SCGE experiment with HepG2 cells, metal may have been implicated in the effects, which was found with one of the sample a (A23-2). However, it is unlikely that metals account for positive results in Salmonella/microsome assays as they do not induce gene mutation in coliform bacteria, possibly as a consequence of low uptake into the cells (Gatehouse et al. ) . Furthermore, as stormwater runoff contains a complex mixture of organic and inorganic contaminants, the observed mutagenicity and genotoxicity may be attributed to the combined effect of PAHs and metals. Further work is needed to integrate bioassays with analytical methods to better determine and quantify environmental impacts.
